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Implantable electrochemical sensors provide reliable tools for in vivo brain research. Recent advances in electrode
surface design and high-precision fabrication of devices led to significant developments in selectivity, reversibility, quantitative
detection, stability, and compatibility of other methods, which enabled electrochemical sensors to provide molecular-scale research
tools for dissecting the mechanisms of the brain. In this Perspective, we summarize the contribution of these advances to brain
research and provide an outlook on the development of the next generation of electrochemical sensors for the brain.
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irreversible, which made it difficult to continuously monitor
the dynamics of the substance.”'® Second, the interfacial
properties between the molecule and the electrode affected the
stability of the electrode. Meanwhile, contaminants such as
proteins in the brain tend to adsorb to the electrode surface,
resulting in signal loss.™* Finally, the additional voltage applied
during electrochemical recording not only affects the neuro-
electrical signal but also interferes with the electrophysiological
recording.

This Perspective focuses on the development of design
principles and strategies for high-performance implantable
electrochemical sensors to address the above challenges. First,
recognition elements such as enzymes and aptamers were
designed and developed to improve selectivity in the
complicated brain environments.””~"”" A double-recognition
strategy'® by designing organic molecules followed by
electrochemical reactions was proposed, and a series of
recognition organic molecules were designed and synthesized

Chemical signals such as ions, neurotransmitters, and reactive
oxygen species (ROS) in the living brain are closely related to
the physiological and pathological processes in living systems.
Therefore, the development of in vivo brain sensors that can
accurately and stably quantify chemical signals help humans
understand the working mechanism of the brain.'~* Although
optical methods such as fluorescent contrast agents for visible
and infrared light have been developed extensively for brain
imaging,s’6 they are still limited by the depth of tissue
penetration and tissue autofluorescence. In recent years,
advances in materials science and instrumentation facilitated
the development of implantable electrochemical microelec-
trode technology, which allowed scientists to monitor chemical
signals in the brain with high spatial and temporal
resolution.””'® Unfortunately, the current in vivo electro-
chemical sensors still face several challenges due to the
complexity of the brain environment. First, it is hard to identify
various electrochemical signals selectively through electro-
chemical redox reactions. Although identification elements April 20, 2023

such as enzymes and aptamers were developed to improve the May 19, 2023
selectivity of in vivo detection, the number of natural enzyme May 22, 2023
June 9, 2023

and aptamer species was still limited, which inhibited further
exploration of a wider range of chemical signals.11 Additionally,
the identification process of these methods were usually
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to monitor ROS, ions, etc., with high selectivity. Furthermore,
a ratiometric sensing strategy was proposed to provide a built-
in correction for the quantitative monitoring of substance
concentrations in vivo with high accuracy. The systematic
study of the ligand recognition mechanism made it possible to
develop both highly selective and highly reversible Ca®*
sensors. Second, to stably immobilize the functionalized
molecules on the electrode surface, a series of surface
modification methods such as Au—S, Au—Se, Au—C=C
bonding, and bidentate thiols were systematically investigated.
It was found that Au—C=C bonding and bidentate thiols had
both excellent electrochemical properties and stability in
comparison. On the other hand, various materials such as
hydrophilic and mesoporous materials have been reported to
be resistant to biological contamination.'” ™' However, it is
difficult to further modify functionalized recognition molecules
on surfaces completely covered by biocontamination resistant
materials. Recently, hydrophilic graphene oxide microbands
were alternatively wrapped around the surface of gold particle-
modified carbon fiber microelectrodes, and the exposed gold
particles provided active sites for modification of recognition
molecules.'*** Finally, to avoid the effects of applied voltages
on neuroelectrophysiological and electrochemical recordings,
potentiometric methods based on open-circuit potentials were
developed for simultaneous recording of chemical signals and
local field potentials (LFPs) of electrophysiology without
crosstalk.” We also look forward to the next generation of
implantable in vivo electrochemical tools, such as the designing
of supramolecular recognition to further improve response
speed and reversibility, the developing of new materials to
reduce biological loss, and the coupling of multiple in vivo
analytical methods with electrochemical sensors to provide
more comprehensive biological information in the whole brain.

Unlike the detection environment of in vitro artificial solutions,
the living brain is rich in bioactive substances such as ions,
neurotransmitters, amino acids, reactive oxygen species, and
proteins. Therefore, improving the selectivity of in vivo sensors
is the primary priority for in vivo brain detection. As early as
1973, Adams et al. implanted carbon paste electrodes directly
into the rat brain to identify biogenic amines.”* In 1988,
Wightman et al. established fast scanning cyclic voltammetry
(FSCV) for selective identification of dopamine.” Phillips et
al. further extended this technique to real-time monitoring of
dopamine release during human surgery.”® Another attempt to
improve selectivity was the development of catalytically active
nanomaterials to reduce the overpotential of redox. For
example, carbon nanotube fibers could accelerate the electron
transfer process of ascorbic acid, resulting in selective
determination of AA. Although many modifications of
electrode surface properties to improve selectivity were
reported, the accurate identification of a wider range of
bioactive molecules still required the design of flexible and
abundant identification elements. Although there were some
reports indicating that selectivity could be improved by
adjusting the surface properties of electrodes, developing
recognition elements with flexibly designing could accurate
detect more bioactive molecules in vivo.
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Natural enzymes can catalyze molecules with high selectivity.
Taking advantage of this property, three generations of
enzyme-based electrochemical sensors have been developed.
Clark et al. developed the first generation of enzyme
electrochemical sensors using O, as an electron acceptor.”’
The analytes were detected indirectly by quantifying the H,O,
obtained by enzyme catalysis. However, due to the high
oxidation potential of H,O,, in vivo electroactive molecules
such as ascorbic acid, uric acid, and electroactive neuro-
transmitters could interfere with the detection. To improve the
selectivity, Baker et al. modified the surface of the micro-
electrode with an electropolymeric membrane to suppress the
spread and oxidation of interfering molecules to the surface of
electrode.”® However, the dynamic changes of O, and H,O,
reduced the stability of the first generation enzyme sensors. In
addition, the indirect determination of H,O, limited the highly
selective analysis of other reactive oxygen molecules.

Subsequently, second-generation enzyme sensors were
developed using electron transfer mediators as electron
acceptors for enzyme reactions. Compared to the high
oxidation potential of H,0O,, electron transfer mediators such
as potassium ferricyanide, ferrocene, and quinone-type
compounds had low redox potentials, thus reducing interfer-
ence from other electroactive molecules.”” > Wang et al.
developed a glucose sensor by dispersing enzyme oxide,
ferrocene, and graphene oxide on a thin film to take advantage
of the homogeneous film-forming properties.”> The method
combined with microdialysis technology enabled successful
monitoring of glucose changes in the murine brain. However,
the high toxicity of these electron transfer mediators and the
low efficiency of electron transfer with the electrode surface
made it difficult to be widely used in in vivo monitoring.

Taniguchi and co-workers first developed the third-
generation enzyme sensor by modifying cytochrome ¢ (Cyt
c) on the surface of a gold electrode.” This design abandoned
the electron transfer medium and immobilized the enzyme
directly on the electrode surface to achieve direct electron
transfer between the enzyme and the electrode. However, the
method of Cyt ¢ modification on the electrode surface affected
the performance of the sensor. Tian’s group designed a
improved method to develop different gold nanostructures on
the electrode surface.””™* Also, they systematically inves-
tigated the performance of Cyt ¢ on pyramidal, rod, and
spherical gold nanostructures.” They found that pyramidal
and rod shapes can promote electron transfer of Cyt ¢, but
spherical gold does not. In addition, Tian’s group also
developed a hydrogel-based method for enzymatic immobiliza-
tion on the electrode surface, which improved the stability of
Cyt ¢ modification and enabled accurate detection of H,0,
release from living cells.*!

Another important biological enzyme is superoxide dis-
mutase (SOD), which can rapidly catalyze the disproportio-
nation reaction of O,°” to generate O, and H,0,. Tian and
Ohsaka first immobilized SOD on the electrode surface to
develop a third-generation enzyme sensor for O, detection
(Figure 1D)."® They then designed self-assembled 3-mercapto-
propionic acid (MPA) monolayers, gold nanoparticles and
TiO, nanopins on the surface of gold electrodes to promote
the electron transfer efficiency of SOD."”™* To avoid the
effects of complex biological environments, Tian’s group
modified ZnO nanodiscs on the electrode surface. The SOD
adsorbed on the ZnO nanodisk film can sense O,°” at 0 mV
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Figure 1. (A—C) Schematic representation of the principles of the
first (A), the second (B), and third (C) generation enzyme-modified
electrodes. (D) Cyclic voltammetry curves obtained at (a) SOD/Cys/
Au, (b) bare Ay, and (c) Cys/Au electrodes in PBS containing 0.002
units of XOD and 50 M xanthine. Reproduced with permission from
ref 42. (E) Schematic diagram of the modification of NTA and SOD
on the electrode surface. Reproduced with permission from ref 47.
Copyright 2013 Elsevier.

(vs Ag/AgCl), thus effectively avoiding the interference of
H,0,, UA, AA, etc.* Although a range of nanostructures were
developed to improve sensor performance, the in vivo brain
detection environment strictly limited the size of the
electrodes. Moreover, there were also challenges in modifying
SOD stably on the electrode surface. To address these
challenges, Tian’s group immobilized SOD on the carbon
fiber microelectrode using a hypoazotriacetic acid (NTA)/
histidine labeling (HT) strategy (Figure 1E).*” The sensor
successfully monitored O,°” during ischemia—reperfusion in
the rat brain.

Although the enzyme-modified electrode had a very high
analytical selectivity, its recognition range was limited due to
the scarcity of natural enzyme species. The synthesis of
biomimetic enzyme structures using nanomaterials was one of
the efficient ways to further expand the application of enzyme-
modified electrodes. Luo et al. developed a Mn?>*/Nafion
biomimetic SOD structure based on TiO, nanopins, which
enabled live cells to be directly cultivated on the electrode
surface, thus further improving the efficiency of electron
transfer.”® Such research paradigms were expected to be
further applied to in vivo brain research in the future with
design optimization.

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are
the genetic basis of organisms. However, it was discovered that
some short, single-stranded DNA and RNA sequences
possessed the ability to bind specifically to certain substances.
In 1990, an automated technique known as SELEX was
introduced for the in vitro selective isolation of DNA or RNA
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fragments with high specific recognition properties for specific
ions, molecules, proteins, etc.””?° The DNA sequence
developed by SELEX was first used as an aptamer-based
“turn-on” electrochemical sensor by Xiao’s group. After that,
Fan’s group developed an electrochemical aptamer-modified
sensor to detect ATP (Figure 2A).”" In the presence of ATP,
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Figure 2. (A) Schematic diagram of ATP detection by aptamer-
modified electrode. Reproduced with permission from ref S1. (B)
Schematic diagram of gold electrode modified by DNA tetrahedron
and aptamer. Reproduced with permission from ref 52. (C) Schematic
diagram of the “sandwich” structure of aptamer-modified electrode
and the principle of target molecule analysis. Reproduced with
permission from ref 53. Copyright 2016 Elsevier.

the double chains melted and released their complementary
chains, allowing the modified ferrocene to approach the
electrode surface, thus producing an enhanced electrochemical
signal. To address the induced perturbation resulting from
local crowding of the aptamer modification on the electrode
surface, Fan’s group incorporated the high structural stability
of DNA tetrahedra to construct aptamer tetrahedral DNA
nanostructures on the electrode surface, resulting in a
significantly lower detection limit of 33 nM (Figure 2B).>
The development of combining aptamers and nanomaterials
guided the direction of this technology. Zuo’s group utilized a
pair of DNA aptamers that simultaneously bound to
carcinoembryonic antigen (Figure 2C), which was further
amplified by modifying deoxynucleotide transferase (TdT) in
aptamer 2.>° Recently, Tang’s group developed a 3D-printed
photoelectrochemical aptamer-based sensor by combining
antigens with upconversion nanoparticles,”* while Zhang et
al. comodified the aptamer with gold nanoparticles and
Ti;C,MXenes, in which MXenes functioned as a reducing
agent, substantially enhancing sensitivity in the analysis of
exosomes.”” In summary, aptamer-modified electrochemical
sensors exhibited exceptional selectivity. However, the
conformational changes occurring during recognition often
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Figure 3. (A) Schematic diagram of double-recognition strategy, with chemical recognition followed by electrochemical reaction. (B, C) Schematic
diagram of “turn-on” (B) and “turn-off” (C) electrochemical sensors. (D) Schematic diagram of ion-selective electrode based on PVC membrane.
(E) Schematic diagram of sensor design with reversible recognition ligands on electrode surface. (F) Schematic diagram of ratiometric

electrochemical sensor.

required a reaction time, leading to poor temporal resolution.
In the living brain, changes in biologically active molecules,
such as neurotransmitters, occurred in the millisecond range.
Therefore, future development of aptamer sensors should
incorporate more kinetic designs to compensate for this
deficiency.

Organic molecules emerged as promising recognition elements
due to advancements in coordination chemistry and organic
reactions. The flexible design of these molecules facilitated the
development of a strategy that significantly improves the
selectivity, stability, and responsiveness of sensors. Tian’s team
first proposed a double-recognition strategy, in which electro-
chemical reactions follow chemical recognition to enhance
recognition selectivity (Figure 3A)."® The electrode surface
was modified with specific recognition components that could
react specifically with the analyte to accurately identify the
analyte from a multitude of interferents. Subsequently, the
electrochemical reaction occurred under certain conditions
such as a specific potential, thus enhancing the selectivity of in
vivo analysis through double recognition. This universal
method was not limited to “turn-on” sensors (Figure 3B),
which produce enhanced electrochemical signals, but also
“turn-off” sensors (Figure 3C), which produce reduced signals.
One of the main principles of “turn-on” electrochemical
sensors is the coordination recognition reaction of the analyte.
Chai et al. designed and synthesized the organic ligand AE-
TPAA, which selectively recognized Cu®* in conjunction with
the reduction peak signal of Cu®* at —0.12 V (vs Ag/AgCl),
allowing for the analysis of brain microdialysates during murine
brain ischemia.'® To investigate Cu* and pH changes directly
in the living brain, Liu et al. comparatively studied a variety of
ligand structures optimized to improve the selectivity for
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Cu*° Additionally, the electrochemical probe AQ was
designed and developed for the selective analysis of pH.
Another type of “turn-on” electrochemical sensor as based on
the enhancement of redox signals following molecular
interactions recognition. Huang et al. designed and synthesized
the molecule ND that specifically recognized O,*” and
produced electroactive naphthol after chemical reactions,
enabling the analysis of O,°” in normal and diabetic rat
brain.”” To investigate the role of H,S, and H,S during
oxidative stress, Dong et al. designed and synthesized two
organic molecules, Mg ; and My ;, to react specifically with
H,S, and H,S and generated electroactive signals.”® Luo et al.
designed a series of pentamidine (DBP) derivatives that could
react selectively with H,O, and electroactivate the signal.59
Potentiometric analysis, another important electrochemical
analysis method, originated from glass electrodes with a pH-
sensitive response. However, the large size and leakiness of this
electrode structure made it difficult to apply to brain research.
Consequently, researchers designed highly selective organic
ligands that were modified on the electrode surface to
construct “turn-on” ion-selective microelectrodes that could
monitor changes in nonelectrically active ions in real time.
Recently, Zhao et al. combined small-molecule ligand
recognition with PVC membrane-modified electrodes to
construct microscopic-sized in vivo sensors (Figure 3D).*
This method was successfully applied to the analysis of
multiple ions during epilepsy and therapy in the living brain.
The “turn-off” type of electrochemical sensor was based on
the cutoff of the electroactive fraction after the reaction of the
analyte with the recognition molecule, resulting in the
reduction of the original electrochemical signal. This design
combined the electrochemical signal with the reactive groups
to facilitate the identification of highly reactive substances in
the brain. Liu et al. synthesized and designed the molecule
HEMF, which underwent a specific reaction with ONOO™

https://doi.org/10.1021/jacsau.3c00200
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resulting in the loss of its ferrocene groups.”” This approach
was successfully used for the analysis of ONOO™ in rat brains,
employing a HEMF-modified carbon fiber microelectrode.
Zhang et al. developed a “turn-off” type of Fe** sensor, where
the ferrocene groups on the surface of the electrode were
gradually lost with increasing Fe>* concentration.’’ This sensor
was used for in vivo Fe?* analysis in MCAO and AD models of
living brains.

Although recognition groups based on chemical reactions and
strong ionic coordination had the advantage of being highly
selective, their sensing signals were often irreversible and could
not track the dynamics of a substance in real-time. To
systematically investigate the reversibility of ligand recognition,
Liu et al. designed and synthesized three Ca*" ligands (METH,
M18C6, MBAPTA) with different recognition affinities and
evaluated their analytical performance. It was found that
MBAPTA, which had the strongest coordination ability, was
selective but poorly reversible (Figure 3E)."* METH had a low
affinity for Ca®* but combined excellent reversibility and
selectivity. Then, METH was modified on carbon fiber
microelectrodes to develop a highly selective and reversible
Ca®* sensor. The sensor was applied successfully for real-time
monitoring of Ca®* in the brains of free-moving mice in vivo.

The difference between in vivo and in vitro sensing was that
the complex biological environment in living organisms could
lead to impedance changes, ionic strength fluctuations, and
nonspecific adsorption of interferents to the sensor surface.
This process could lead to inaccurate single-response signals
from classical electrochemical sensors, making it difficult to
directly quantify the concentration of linear curves obtained in
vitro for analysis. Tian’s group first proposed the ratiometric
electrochemical sensor (Figure 3F).'® The sensor had a
double-signal design, with the first signal exporting the
electrochemical response of the analyte and the second signal
being influenced only by the environment. The ratio of the two
signals could provide a built-in correction. They modified
bovine erythrocyte copper—zinc superoxide dismutase on the
surface of electrode 1 to specifically recognize Cu® and 6-
(ferrocenyl)hexanethiol (FcHT) on the surface of electrode 2
to provide a built-in correction as a reference signal. The
sensor successfully quantified Cu* concentrations in a model of
cerebral ischemia of mice. To reduce the error between the
two working electrodes, Luo et al. designed and synthesized a
new molecule, DPEA, which could recognize both Cu®* and
CySH.®” This sensor combined with an internal standard signal
of modified methylene blue and achieved single-electrode
ratiometric electrochemical sensing. Because the advantages of
the ratiometric signal sensing strategy have been demonstrated,
this approach was widely used in the design of electrochemical
aptamers and sensors modified with organic recognition
probes. For example, Jia et al. modified an MB-labeled
aptamer with an internal reference Fc on the electrode surface
for highly sensitive quantitative analysis of Hg”.63 On the
other hand, an amperometric recording method known as
intracellular vesicle impact electrochemical cytometry (VIEC)
was developed by Ewing et al.°* Flame-etched CF nanotips
were inserted into the cytoplasm without damaging the cell
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membrane. The catecholamine neurotransmitters released
from the vesicles on the electrode surface could then be
monitored for theft. Ewing’s group then further developed a
single-cell amperometric recording method for quantifying
catecholamine content in vesicles.”> The vesicles were
adsorbed on the electrode surface and each ruptured vesicle
is subsequently observed as a current transient, allowing
quantitative monitoring of catecholamine content. The next
stage of enriched signals, including autoredox and
electrochemiluminescence of nanomaterials, was expected to
be used as ratiometric sensing strategies to further extend such
self-calibrated designs to in vivo brain analysis studies.

The functionalization of implantable electrochemical sensors is
closely related to the reliable modification of molecules on the
electrode surface. Ohsaka’s group modified cysteine and
mercaptopropionic acid on the surface of gold electrodes by
Au—S bonding, which in turn self-assembled to immobilize the
modified SOD.**> However, Au—S was found to be easily
interfered with by competing in vivo abundant thiol molecules
distorting the sensor signal (Figure 4A).°%” Tian’s group
reported a highly stable H,S, electrochemical sensor using
bidentate thiols as the linking group (Figure 4B).°® The sensor
(FP2) showed only 5.3% signal loss after 2 h immersion in
glutathione (GSH) solution in artificial cerebrospinal fluid
compared with a 23.4% decrease in Au—S-modified ones
(FP1). The optimal adsorption modes of FP1 and FP2 on gold
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surfaces were then evaluated using integral density flooding
theory (DFT). FP2 was found to be chemically bonded to the
gold surface through two coordination bonds with an
adsorption energy of —362.8 k] mol™!, while FP1 with
coordinate sites had a weaker adsorption capacity of
—275.56 k] mol™". To evaluate the stability of multiple surface
assembly methods, Zhang et al. systematically investigated
formal potential (E”'), peak current density (jp), and electron
transfer rate constant (k,) of electrochemical sensors modified
with Au—S, Au—Se, and Au—C=C bonds (Figure 4C).%" The
Au—C=C bonded surface was found to have the largest bond
energy, the smallest Gibbs free energy, and the highest surface-
assembled efficiency, which only showed 5.3% signal loss after
4 h of immersion in GSH solution.

The stability of the sensor was also related to the nonspecific
adsorption of contaminants. The rapid initiation of the
immune system after microelectrode implantation mainly
involved the nonspecific adsorption of fibrin clots and plasma
proteins produced by platelets.”” The passivating effect of this
process on the sensor could easily distort the signal. Whitesides
et al. proposed empirical laws for the resistance to protein
adsorption at polar functional groups and hydrophilic
interfaces after studying the protein interface interaction
laws.”’ This discovery has facilitated rapid advances in
antibiofouling strategies. First, Mao’s group proposed the
electropolymerization of hydrophilic choline phosphate
(PEDOT-PC) onto the electrode surface to resist protein
adsorption (Figure SA).”" This direct coating of hydrophilic
materials on the electrode surface gradually became the typical
strategies. Subsequently, Su’s group modified the surface of
carbon fiber microelectrodes with silica nanoporous mem-
branes to avoid protein adsorption through spatial dislocation
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effects (Figure 5B).”? Although these studies significantly
improved the stability of the electrodes, the full-coverage
modified antipollution membranes were difficult to further
modify functionalized molecules on the surface. Recently, Liu
et al. electrodeposited graphene oxide microbands on the
surface of carbon fiber electrodes modified with gold particles;
graphene oxide microbands were well hydrophilic and
negatively charged, which could be used to resist biofouling
(Figure 5C)."* This interphase distribution of hydrophilic
strips not only resisted protein adsorption but also allowed the
modification of functionalized ligand molecules on the
intervening gold particles. The sensitivity of the sensor was
maintained at 92% after 60 consecutive days of implantation
for in vivo analysis.

The mechanical properties of implantable electrodes were
often one of the key factors leading to biological damage and
immune responses such as inflammation. Rigid electrodes
could easily cause repeated “cutting” damage to brain tissue, so
increasing the flexibility and reducing the size of the electrode
was an efficient method to improve the biocompatibility of the
sensor.”” Advances in carbon microsensors, from metal wires
with a diameter of 30 um to carbon fiber electrodes of only
around 8 um, had led to a significant reduction in biological
damage in the brain. On the other hand, implantable
electrochemical sensors made of flexible polymers could also
reduce bioinflammatory responses. Yang et al. developed 3D
printed carbon microelectrodes and successfully analyzed DA
signals in vivo.”* Weltin et al. proposed a polymer-based
flexible microsensor using a wafer-level fabrication process.”
The sensor achieved high time-resolved analysis of glutamate
in rat brain using hydrogel membrane immobilized enzymes,
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with over 75% sensitivity still present after 28 days of
immersion in PBS buffer. Booth et al. extended the potential
of polymer fibers.”® They fabricated six graphite-doped
electrodes inside flexible polycarbonate for simultaneous
corresponding pH and lactate concentrations. The m-phenyl-
enediamine exclusion layer modified on the surface of the
microelectrode could effectively reduce the interference of
substances such as ascorbic acid, which made the sensor
successfully record the chemical signals on the surface of the
mouse brain. Huang’s group reported a flexible electrode with
an electrostatically spun poly(3,4-ethylenedioxythiophene)
(PEDOT)-based nanomesh.”” The complete extension of
cardiomyocytes on the surface of the PEDOT-based nanoweb
demonstrated the good biocompatibility of the PEDOT-based
nanofiber matrix, which allowed real-time monitoring of nitric
oxide release and electrophysiological activity in cardiomyo-
cytes. More recently, Huang’s group developed a stretchable
electrochemical device based on a gold nanotube-based double
electrode.”® The sensor is decorated with platinum nano-
particles for the analysis of NO and H,0, in vascular
endothelial cells.

However, flexible electrodes tend to bend during implanta-
tion and have difficulty reaching the specific deep brain regions
accurately. Some research attempted to modify the surface of
the flexible electrode with a rigid self-degrading material to aid
implantation. Guan et al. developed a rigid PEG-adhered
flexible microelectrode ﬁlament neurofluidic fringe to improve
implantation performance.”” In biocompatibility experiments,
minimal neuronal cell loss was observed around the implanted
neural fimbriae compared to silicone probes that caused
significant neuronal cell loss after 5 weeks of implantation.
With the rapid development of flexible materials, new materials
such as conductive polymers, hydrogels, and two-dimensional
carbon materials were expected to become substrates for
implantable sensors with low biological damage in the future.

The systematic study of molecular mechanisms in the brain
involved the interaction of multiple brain regions, which
required sensors to monitor chemical signals from multiple
brain regions simultaneously. In recent years, rapid develop-
ment in materials science and microfabrication technologies
supported researchers in further reducing the size of electrodes
to construct electrochemical microelectrode arrays. Ledo et al.
reported a ceramic-based array of multilocus platinum
microelectrodes.”® The sensor consists mainly of thin-film
polycrystalline Pt and allowed monitoring of O, changes at
multiple sites in the rat brain cortex. The above-mentioned
studies mainly followed the traditional design model of the
Utah array. This method enabled multilocation monitoring
with tiny pins implanted directly into the brain, but it was
difficult to record signals in both superficial and deep layers.
Recently, a new type of Michigan array based on a silicon two-
dimensional chip design had been rapidly developed. This
design lithographs electrodes onto the surface to enable high
throughput recording. Wei et al. developed an Au micro-
electrode array for simultaneous recording of cortical ascorbic
acid concentration and LFP signals using mlcrofabrlcatlon
techniques based on the design of a Michigan array.®’ Zhang et
al. fabricated a 16-channel silicon-based electrode chip using
photolithography.”” The chip could be implanted in the
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monkey brain in the midcortex and striatum for real-time
analysis of dopamine concentrations and LFP signals.
Changes in multiple local electric fields when recording
current signals simultaneously at different electrodes make
multipoint electrochemical signal acquisition easily disturbed.
Based on potentiometric sensing techniques, Zhao et al.
developed microarrays that could simultaneously monitor ion
concentrations at multiple sites in the brain without crosstalk
(Figure 6A).>* To investigate the relationship between Ca®*
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Figure 6. (A) Schematic diagram of the microarray used to
simultaneously analyze K*, Na*, Ca’*, and H* as well as record
electrophysiological LFP signals. Reproduced with permission from
ref 23. Copyright 2020 John Wiley and Sons. (B) Schematic diagram
of the microarray for simultaneously recording of extracellular Ca*
concentrations in seven brain regions. Reproduced with permission
from ref 14. Copyright 2021 John Wiley and Sons.

multiple brain regions, Liu et al. reported a microelectrode
array that could simultaneously quantify Ca** concentrations
in seven brain regions and successfully discovered that Ca®*
changes in seven brain regions during cerebral ischemia/
reperfusion were in a different order (Figure 6B)."* Recently,
nanoscale microelectrodes were developed for a wide range of
applications in more in vivo electrochemical signal monitoring.
For example, Huang’s group developed stretchable sensors
assembled from gold nanotubes, titanium dioxide nano-
particles, and carbon nanotubes. The sensor allowed real-
time monitoring of intestinal 5-HT release in rats during
intestinal peristalsis.”> Ewing’s group developed carbon
nanopipettes of different sizes to capture intracellular vesicles
and monitored the catecholamine concentration of individual
vesicles.** However, further improvements in the spatial
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resolution of microelectrodes in the living brain still need to
address key issues such as low signal-to-noise ratio and
difficulty in accurate localization in complex brain environ-
ments.

The coupling of multiple methods in in vivo brain studies
could extend the dimensionality of recorded signals and thus
advance in vivo brain analysis studies. However, interferences
between different methods often present compatibility issues.
For example, electrophysiological techniques were the most
widely used gold standard for in vivo neurobiological studies.
However, this technique was so sensitive that the application of
any additional voltage and current in the brain could affect the
recording of neural signals. To explore the link between
electrical and chemical signals, Tian’s group used potentio-
metric analysis to construct microelectrode arrays that could be
used to quantify K*, Na*, and Ca®" concentrations and pH
value in real time.”” This applied voltage-free design first
allowed the simultaneous recording of chemical and electrical
signals in the living brain without interference. To simulta-
neously analyze intra- and extracellular molecular and electrical
signals in the living brain, Tian’s group developed a
photophysiological probe by integrating optical and electrical
signals.®> The probe could record both CO,>~ concentration in
the cerebral cortex of mice and LFP sigals. Recently, they
furtherly developed a Raman fiber photometry. This method
quantified intracellular mitochondrial O,°~ and Ca®" as well as
pH value while simultaneously recording electrosphysiological
and extracellular Ca®* electrochemical signals.”® Not only
spectroscopic methods but also functionalized magnetic
resonance imaging (fMRI) could be coupled with electro-
chemical microelectrode techniques. Lowry et al. simulta-
neously recorded blood-level-dependent (BOLD) fMRI signals
and electrochemical O, signals from rat cerebral cortex,
demonstrating the practical feasibility of electrochemical
methods for obtaining real-time metabolite information during
fMRI acquisition.”” Recently, Walton et al. developed a
method that allowed simultaneous FSCV and BOLD fMRI
detection to record oxygen and dogamine changes and global
blood oxygen levels, respectively.”® This technique provided
complementary neurochemical and blood oxygen monitoring
methods. These encouraging results suggested that more in
vivo analysis techniques were expected to be compatible with
brain electrochemical sensors.

The rapid development of implantable electrochemical sensors
provided a reliable tool for the investigation of molecular
mechanisms in the living brain. In this Perspective, we
reviewed the recent progress made in the recognition
performance of electrochemical sensors. The development of
recognition units, such as enzymes, aptamers, and organic
molecules, significantly improved the selectivity of sensors,
allowing scientists to precisely resolve the mechanisms of
analytes in complex brain environments. By modulating
recognition groups and designing reversible sensors, real-time
dynamic monitoring of chemical signals in the brain became
possible. Ratiometric electrochemical sensors were designed to
allow for accurate quantitative detection in complex brains.

1579

The proposed ratiometric sensing strategy made it possible to
quantify the concentration of the analytes with high accuracy
in the brain. Advances in biocontamination-resistant methods
enabled electrochemical sensors to consistently record in the
brain for extended periods. Highly biocompatible electrodes
based on flexible materials reduced biological damage
significantly. Finally, the coupling of multiple in vivo analytical
techniques with electrochemical sensors facilitated the multi-
dimensional recording of biosignals in the brain, improving
spatial resolution and providing a more comprehensive
understanding of brain function.

Despite all the advances that have been made so far with
implantable electrochemical sensors, the complexity of the
brain environment still poses the challenge of accurate and
stable identification, for example, of structurally similar
neurotransmitter molecules. In addition, it is difficult to
comprehensively monitor the full range of chemical signals in
the living brain using electrochemical sensors alone. Therefore,
the next generation of implantable electrochemical sensors in
brain research continues to be closely linked to the
development of accurate identification, long-term stability,
and multimethod coupling, which involves advances in
molecules, materials, and devices. Supramolecular chemical
recognition based on weak and reversible noncovalent
interactions can be designed and modulated by molecules
that hold promise for the future design of electrochemical
sensors with high reversibility, fast response times, and
simultaneous analysis of multiple substances. Unlike the
modulation of electrical and hydrophilic modifications at the
electrode interfaces, the innovation of new materials based on
bionanotechnology is expected to reduce biological damage
from the perspective of immune recognition, enabling highly
stable in vivo analysis. The coupling of fiber optic photometric
techniques and various noninvasive in vivo analytical methods
such as MRI and PET with electrochemical sensors allows
further insight into brain mechanisms. In addition, with the
rapid development of brain—computer interfaces, implantable
microelectrodes have been widely used in areas such as
neuroelectric signal monitoring. However, the chemical signal
changes involved in this process are difficult to record in real
time. Functionalized electrochemical microelectrode technol-
ogy is expected to access clinical brain—computer interface
tests and expand the dimensionality of in vivo analysis signals.
Also, implantable electrochemical sensors are expected to be
used directly in human in vivo analytical procedures, such as
chemical signal monitoring during surgery, in the future after
further reducing biological losses and improving detection
accuracy. As a new mode of brain research in vivo, implantable
electrochemical sensors combined with various detection
methods will become a reliable tool for studying brain
mechanisms in the future.
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